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Available online at www.sciencedirect.comWe review recent developments in mapping chromosomal
contacts and compare emerging insights on chromosomal
contact domain organization in Drosophila and mammalian
cells. Potential scenarios leading to the observation of Hi-C
domains and their association with the epigenomic context of
the chromosomal elements involved are discussed. We argue
that even though the mechanisms and precise physical
structure underlying chromosomal domain demarcation are yet
to be fully resolved, the implications to genome regulation and
genome evolution are profound. Specifically, we hypothesize
that domains are facilitating genomic compartmentalization
that support the implementation of complex, modular, and
tissue specific transcriptional program in metazoa.
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Introduction
Genomes employ remarkably diverse architectures to
store information in DNA sequences and direct all forms
of biological function across the tree of life. Information is
stored concisely and directly at most bacterial species
genomes, where genome evolution favors concise organ-
ization and functional specialization. As organisms’ com-
plexity increase, and in particular in multi-cellular
eukaryotes, genomes are expanding mildly in terms of
new genes, but scale up by two to three orders of magni-
tudes in size from millions to billions of bases. Genetic
information is then embedded into long and complex
DNA sequences in a redundant and indirect fashion.
Although the implications of such sparse encoding are
widely believed to be profound, it was so far difficult to
Open access under CC BY-NC-ND license.www.sciencedirect.com describe them precisely. Mechanisms that are capable or
processing and possibly taking advantage of fragmented
and patchy genomic encodings (e.g. RNA splicing)
promote the notion that genome sequences are hetero-
geneous in their information content, ranging from per-
fectly optimized elements similar those making up
bacterial genomes to ‘junk’-like sequences spanning
millions of bases with seemingly no direct function. In
contrast, numerous recent studies are utilizing high
throughput sequencing to generate rich maps of genomic
and epigenomic activity, suggesting that much of the
genome is under selection [1,2] and involved in gene
regulation. Ultimately, understanding genome function,
and describing how and why metazoan genomes are so
large, complex and redundant, must be achieved through
physical characterization of genome and chromosome
structure. In this short review we survey recent techno-
logical and analytical advances leading to new insight into
the structure of complex chromosomes. By mapping
chromosomal contacts, we propose, geneticists and epi-
geneticists are finding vital clues that may lead to inte-
grative, physical and mechanistic models of genome
function.
Genomic techniques are revolutionizing the
study of chromosomal architectures
Historically, the study of chromosomal architectures
relied on structural and biochemical studies of nucleo-
somes and their modifications at the local level (reviewed
in [3]) and on fluorescence-based microcopy (reviewed in
[4]) for studying longer range contacts and global chro-
mosomal organization. The development of chromosome
conformation capture [5] by Dekker and others and the
combination of 3C with powerful genomics approaches
[6,7,8,9–11] facilitated the quantification of chroma-
tin contacts at unprecedented scale and breadth. 3C is
performed through fragmentation of the genome (using,
e.g. sequence specific restriction enzymes) followed by
re-ligation of DNA fragments that were crosslinked
together, owing to physical proximity at the time of nuclei
fixation. Through the genomic approach, proximity-
ligation events for millions of loci can be assayed simul-
taneously across millions of cells, comparing to only few
pairwise contacts that can be approached via traditional
FISH. Moreover, the granularities at which 3C exper-
iments are performed depend on the genome fragmenta-
tion and can therefore theoretically approach the kilobase
scale [8] or even better, comparing favorably to diffrac-
tion limited traditional microcopy or even refined imaging
techniques [12].Current Opinion in Genetics & Development 2013, 23:197–203
198 Genome architecture and expression3C is providing biased probabilistic indications of proximity.
The extensive genomic coverage and high-resolution
restriction site grid provide 3C-based techniques with a
remarkable potential to revolutionize chromosome
research. Despite this potential, physical interpretation
of 3C data, and modeling of chromosomal architectures
based on it remains challenging. Any 3C experiment
(regardless of the downstream genomic processing per-
formed) involves quantification of re-ligation frequency
between pairs of genomic fragments. Globally, these
frequencies are known to be correlated with physical
proximity (e.g. as demonstrated by many FISH exper-
iments) [8,9,13]. At a more quantitative level however,
it is clear that physical proximity is not the only factor
affecting 3C contact frequencies. For example, some
natural genomic parameters, including the size of the
restriction fragments and nucleotide composition, corre-
late strongly with 3C-ligation frequencies and can be
shown to contribute probabilistically to a variation in
contact intensities spanning more than an order of mag-
nitude (in Hi-C [14] or 4C-seq [15] experiments). It is
currently not well understood to what extent other fac-
tors, including those linked with epigenomic features like
nucleosome composition, replication timing, and binding
by trans-factors, can contribute to enhanced crosslinking,
fragmentation, or successful recovery of 3C-aggregates.
Such uncharacterized biases will need to be further
resolved and clarified in future studies. Even more fun-
damentally, the statistical nature of 3C, which is aver-
aging chromosomal conformation over millions of nuclei,
requires particular attention by analysts and modelers.
Current methods cannot distinguish between strong con-
tacts occurring at low frequencies and weak contacts
occurring consistently within the nuclei population –
since both scenarios can generate a similar number of
contacts on average. Likewise, equally strong contacts in
terms of molecular affinity (‘on rates’) might potentially
last more or less time (‘off rates’) if the overall or the local
chromatin mobility is different. Once again, variations in
chromatin dynamics may thus result in variations in 3C
signal strength. Modeling of 3C-contacts must take these
aspects into account, considering the variation in the
structure of individual nuclei as documented by years
of microcopy studies. In summary, current data support
the idea that 3C contact frequencies are robust indica-
tions for chromosomal proximity, but also suggest that
more work is needed to bolster our ability to interpret 3C
data in the context of quantitative models for chromo-
some architecture.
3C maps consistently reveal chromosomal domain structure.
Scaling up 3C experiments using large 5C libraries [16–
18,19] or combining 3C into open-ended protocols
generated comprehensive 3C contact maps encompassing
many megabases of chromosomal territories in yeast,
Drosophila, Mouse and Human cells [6,7,8,9]. The
analysis of such maps first reconfirmed known physicalCurrent Opinion in Genetics & Development 2013, 23:197–203 properties of chromosomes, and then proposed significant
genome wide generalization and higher resolution refine-
ments of these properties. The maps confirmed a strong
presence of chromosomal territories, clearly distinguish-
ing contacts between elements in the same chromosome
and contacts crossing chromosomal boundaries. Chromo-
somes were then shown to divide according to activity
patterns, with chromosomal elements harboring actively
transcribed genes tending to contact other such elements
more often than regions lacking active genes [8,20].
Going beyond these coarse grained models of chromo-
some structure, higher resolution analysis revealed novel
modular structures that package genomic regions into
domains with strong internal connectivity and limited
external interactions. The resulting physical or topologi-
cal domains (Figure 1) create an attractive framework for
modeling chromosome structure, simplifying (at least
theoretically) the problem into understanding how
domains contact each other to form together higher order
structures. In Drosophila, about 1000 domains sizing
around 100KB each were described. In human and
mouse, 2000–3000 domains were described, measuring
around 1MB on average, suggesting a modular chromatin
organization similar to Drosophila, but with modules of
larger size. Interestingly, mammalian genes are also about
one order of magnitude larger than their fly counterparts.
Whether the conserved ratio between domain and gene
sizes is circumstantial or more deeply linked to how
domains are established remains unknown. Importantly
however, no domain structure was described in yeast [21],
where a compact and gene-packed genome is divided into
chromosomes that are typically in the size of one Droso-
phila domain.
The epigenomics of 3C domains. The consistent evidence for
3C contact domains in Drosophila and mammals led to
many questions regarding the physical structure under-
lying such domains, and the implication of such structures
on genome function. 3C domains were found to correlate
strongly with linear epigenetic marks, including histone
modification enrichments, active gene density, lamina
interaction, replication time, nucleotide and repetitive
element composition [8]. The combination of these
marks, that were previously studied statistically to extract
epigenomic domains and classify them [10,11,22], was
shown to distinguish many of the identified 3C domains,
allowing their broad classification into groups. In flies,
such classification included domains showing active tran-
scription (active domains), repressive domains localized
toward the nuclear periphery and lacking specific epige-
netic enrichment (null domains), domains bound by
Polycomb complexes (Polycomb domains) and domains
enriched with heterochromatic marks (Hp1 domains). In
mammals, clear identification of active and null domains
is evident, while Polycomb and Hp1 domains, if exists,
are likely to be smaller than 1MB in scale, making their
detection using current maps difficult. The correlationswww.sciencedirect.com
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Contact domains. Hi-C contact matrices are depicting the intensity of chromosomal contacts between chromosomal elements (X and Y axis) through
color-coded depiction of the ratio between the number of observed Hi-C contacts and the number expected given a parameter-rich statistical model.
Top: A fragment of a Hi-C map derived from Drosophila embryo nuclei. Several contact domains are shown, observed as high contact intensity
submatrices along the matrix diagonal. Domains are labeled on top according to their epigenetic association following Sexton et al. (Bottom) Shown
are examples of two contact domains observed in data from Dixon et al. [6], following renormalization and modeling as described in Sexton et al.
[8]. (Right) Statistics of domains in Drosophila and Human cells, suggesting human chromosomes and the domains within them are expanded by an
order of magnitude compared to Drosophila. We note that it is currently unclear if this scaling represents a true biological phenomenon or is a
consequence of lower resolution that is supported in the mammalian Hi-C maps compared to the Drosophila map.between 3C domain structure and epigenomic datasets
pave the way to better integrative models in epigenomics.
The notoriously complex and indirect correlations be-
tween the many measurable aspects of epigenomic struc-
ture can now be overlaid on top of 3C contact maps,
putting epigenetic and regulatory marks onto a model
reflecting short-range and long-range contacts. The a
priori independence of 3C maps from other epigenomic
profiling techniques, and its two-dimensional naturalwww.sciencedirect.com matrix structure, suggest these maps can become a stan-
dard basis for epigenomic exploration, even before the
precise physical basis of their domain structure is fully
resolved.
3C-Domains: physical structure and insulation. Regardless of
their immediate utility, the association between 3C-
domains and chromosomal structure remains unclear
(Figure 2). In principle, the 3C-contact frequency ofCurrent Opinion in Genetics & Development 2013, 23:197–203
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Two models for 3C domain formation. A Hi-C contact domain may
represent different physical scenarios, including increased compaction
of a certain chromosomal region (left), or insulation from adjacent
compact or mobile chromosomal elements. In both cases, the net
outcome is reduction in the connectivity of elements within the domains
and elements outside of it.two chromosomal elements is linked with the distribution
of their intra-nucleus physical distances, but the nature of
this linkage can involve non-linear effects and proximity
thresholds. For instance, the linkage signal may decrease
with increasing distance following a certain quantitative
regime up to a certain threshold but then be observed to
follow a different regime for longer range contacts. More-
over, linkage may be affected by other factors that are
unrelated to distance at all, such as the average contact
time between the interacting partners. A 3C domain is
defined by an enrichment of 3C contacts inside a chro-
mosomal (linear) domain, suggesting that elements
within the domain are folded into compact structures.
However, 3C contacts do not represent an absolute
measure of distance, but reflect a competitive process
of ligating exposed restriction fragments. Given this view-
point, a 3C domain may be formed without any particular
compaction, provided that elements within a certain
chromosomal domains are insulated from their genomic
surroundings and are thereby more likely to form contact
between themselves. Indeed, high resolution analysis in
Drosophila have shown that almost all 3C-domains are
bordered by binding sites of insulating factors (including,
in Drosophila, CP190, its cooperating sequence specific
factors, and Chromator). Similar observations are emer-
ging from lower resolution mammalian maps [6]. In
some cases, FISH probes that were designed to target
domains can be shown to be confined to smaller radii
using high resolution microcopy [19], but it is possible
that compaction is a property of certain epigenetic classes
of domains and not others (see below). Linking 3C maps
with structural chromosome models therefore remains
challenging, and successful structural models based on
3C as demonstrated in yeast [23,24] may not necessarily
be directly translatable to more complex chromosomes.
Active domains
The class of chromosomal domains that harbor actively
transcribed genes represents arguably the most challengingCurrent Opinion in Genetics & Development 2013, 23:197–203 and important set of 3C domains. Transcription is known
to be associated with changes in chromosomal and nuclear
architecture [25] and 3C data are clearly implicating tran-
scribed genes with local [26–28] and global [8,9] confor-
mation changes. In Drosophila, chromosomal regions that
were demarcated as active domains show distinct folding
patterns, with more rapid decay in contact frequency as a
function of genomic distance than other domains [8].
This can be attributed to higher resolution sub-domain
structure that is not clearly visible even at the resolution
provided by Drosophila maps, and may be critically import-
ant for understanding functional interactions between
enhancers and target promoters. Similarly, mammalian
active genes are shown to be highly organized into pro-
moter–enhancer loops [29,30,31] on scales of few to
hundred KBs, but this fine grained structure was so far
not visible in global mammalian Hi-C maps. Given these
observations, it can be hypothesized that active 3C
domains could be greatly refined to uncover multiple
enhancer and insulator long range contacts, and that
although such contacts may vary between individual
nuclei, their recurrent formation is likely to be key for
robust gene regulation. Testing this idea will require
further improvement of the contact structure within 3C-
domains through higher resolution Hi-C studies, especially
in mammalian systems.
Null domains
3C-maps showed that the majority of the Drosophila or
mammalian genomes are packaged into domains that lack
any particular epigenetic characteristics, except for
recorded tendency toward the nuclear periphery or the
lamina, and potential enrichment of H1 linker histones
[11,22,32]. In Drosophila, such null domains show gener-
ally high genomic information content, including normal
gene density and evolutionary conservation [11,22]. In
mammals, null domains are clearly reflecting lower gene
density and show high repetitive content, late replication
timing and high evolutionary substitution rates [6,33].
In contrast to active domains, null domains provide very
little evidence for internal structure and organization, and
their physical structure and mechanistic origins are not
known. Most importantly, it is unclear if such domains are
byproducts of flanking organized chromosomal units
( passive domains), or if their organization is actively facili-
tated by known (e.g. insulators, nuclear lamina, replica-
tion machineries) or uncharacterized factors (actively
established domains). In order to distinguish between these
models, it will be important to explore cases of null
domain insulation, especially when not involving actively
transcribed units. It will also be critical to assess the
repressive nature of null domains, and to ask if this
chromosomal configuration participate in securing gene
silencing, or is a mere consequence of it.
Hp1 and Polycomb domains. In flies, a second type of
repressive chromatin domains contain heterochromatinwww.sciencedirect.com
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H3K9 methylation marks [11,22]. This type of chroma-
tin is most prominent in regions surrounding centromeres
and in subtelomeric regions, and it is likely that mamma-
lian chromosomes also include such domains, although
they are more difficult to map owing to their high repeti-
tive content. Intrestingly, Hi-C maps show a clear
tendency for heterochromatic regions located in different
chromosomes to cluster via interchromosomal contacts.
By contrast, Polycomb domains, which form a third type
of repressive chromatin in Drosophila, are characterized by
a different contact behavior. Polycomb domains are
excluded from pericentromeric regions and contain hun-
dreds of genes in the euchromatic arms of chromosomes.
Despite the fact that some of the chromatin components
of Polycomb domains are shared with HP1 chromatin
[22], the presence of Polycomb proteins changes the
contact behavior of these regions. Globally, Polycomb
proteins form nuclear compartments called Polycomb
bodies [34–37] and Hi-C confirm the idea that Polycomb
domains establish a network of contacts at these nuclear
bodies [38,39]. In contrast to Hp1 domains, Polycomb
domains in flies preferentially contact other Polycomb
domains in the same chromosome arm [8,39], although
cases of Polycomb-mediated interchromosomal contacts
have been reported in transgenic fly lines [35,40]. In some
cases, such as for Hox genes, these contacts stabilize
Polycomb dependent silencing [38]. Whether this is a
general phenomenon, however, is still not known. It will
be interesting to investigate whether Polycomb-mediated
contacts in vertebrates are also mostly occurring among
loci located in the same chromosome and to what extent
the physical genomic expansion promoted detachment of
Polycomb domain clusters within and between chromo-
somes.
Genomic compartmentalization. The emergence of 4C pro-
files and Hi-C maps brought 3C to the forefront of
epigenetic research, and the discovery of topological
domains is beginning to provide building blocks for the
systematic construction of physical models for genome
function. Large metazoan genomes are now understood to
be organized into objects that can serve as genomic com-
partments. The domain compartmentalization revealed by
Hi-C characterizes units of information that are (at least
partially) physically insulated from the rest of the
sequence, potentially contributing to the ability of the
cell to define and stabilize complex but modular regu-
latory schemes. Importantly, the inherent cooperativity
that is required in order to stabilize regulatory interaction
within domains may give rise to epigenetically stable
functional states, in a way that may be essential for
successful multicellularity, but not for optimized and
specialized bacterial or unicellular organisms. It can
therefore be speculated that compartmentalization pro-
vides another evolutionary explanation for the structure
of metazoan genomes. Experiments focusing on thewww.sciencedirect.com functional impact of genome organization will be needed
in order to refine these hypotheses. For example, a recent
Hi-C analysis of genome folding in Drosophila cultured
cells suggested that genes close to borders of domains
express more than internal genes [7]. This might
suggest that, in contrast to the widely held view that
interaction between regulatory factors and chromatin
drives chromatin folding, at least in some cases it is
chromosome architecture that affects gene regulation.
The future of 3C – ‘It’s the resolution, stupid’. Despite these
advances, the potential of 3C to transform functional
genomics and provide it with tools for building truly
mechanistic models of gene regulation greatly depends
on further enhancing the quantitative and spatial resol-
ution of the technique. Drosophila and mammalian gen-
ome regulation involve long-range contacts between
genomic elements that typically measure few dozens
to hundred KB, and may be separated by few KB to
several MB. Effective 3C resolution would need to
provide sufficiently high signal-to-noise ratios to allow
detecting contacts between such elements, necessitat-
ing finer restriction site grids (e.g. using enzymes with
4 bp specificity) and much higher sequencing depth than
presently available. Additionally, techniques for quan-
tifying cell-to-cell variability of 3C maps, and exper-
iments using high throughput microscopy to 3C contacts
with physical characteristics, are needed. In parallel,
computational 3C analysis must be greatly expanded,
involving both bottom-up approaches borrowing ideas
and tools from polymer physics and structural biology,
and top down methods using machine learning and
probabilistic models for detecting patterns in 3C maps
and combining them with additional data. The remark-
able progress in the field over the recent few years
suggests that such improvements can be achieved,
and that genomic approaches to chromosome contacts
will continue to further develop and lead to new and
exciting discoveries. This new view on the genome
architecture may not only help us to better understand
normal genome regulation, but will also contribute to
deeper characterization of the epigenetic landscapes
during key physiological processes that are affected
by broad epigenetic changes, including cellular repro-
gramming and cancer.
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